Results: Eight Pc compounds tested showed antibacterial effects against S. aureus, but only four were effective against E. coli and two against C. albicans. The most effective photosensitizers were amphiphilic sulphonated zinc Pc compounds [(3-diethylammonium)-propylsulphonamide citrate (Pc3) and cationic tetramethylenepyridinium chloride of hydroxyaluminum Pc (Pc7)]. Conclusions: The most efficient phthalocyanines (Pc3, Pc7) cause a significant decrease in viable counts of all tested microbes. © Versita Sp. z o.o.
Introduction
Nowadays growing resistance to antibiotic drugs represents a real threat in hospitals as well as is the community. New approaches to overcome this problem are being investigated. Photodynamic antimicrobial therapy (PACT) is proposed as a topical non-invasive approach, which could become an effective alternative to using antibiotics and antiseptics in treatment of local infections.
The so-called photodynamic phenomenon is used, where the microorganisms are eradicated by the action of photosensitizers (PS) and suitable light. The PS itself has no or negligible antibacterial effect, however, after irradiation by light of appropriate wavelength in the presence of oxygen, reactive cytotoxic products (mainly singlet oxygen 1 O 2 ) are created and microbial cells are lethally damaged [1, 2] . The advantage of photodynamic inactivation, based on the principle of targeted application of photosensitizer to the infected area and targeted irradiation, is minimizing the risk of damaging physiological microflora and host cells outside the treated area [3, 4] . Photodynamic antimicrobial therapy has been studied largely in vitro under laboratory conditions but there have also been some studies on animal models [5, 6] . Most recently the method has also been described in patients with periodontal disease [7, 8] and diabetic foot infections [9] .
Some well known pathogens, especially Gramnegative bacteria, are poorly responsive to PACT using traditional photosensitizing agents, including xanthen or acridine orange and negatively charged porphyrins used in anti-tumour photodynamic therapy [4] . The difference in effect is explained by different cell wall structures. The cell wall of Gram-positive bacteria has a permeable outer peptidoglycan layer, whereas in Gram-negative bacteria there is negatively charged lipopolysaccharide in the outer membrane and anionic PSs (which are the majority of the usual photosensitizers) are not able to penetrate through this membrane. During photodynamic inactivation of Gram-negative cells, PS with polycationic molecular structures -created naturally or artificially by binding the positively charged chain -have been used. These substances are therefore better able to bind and penetrate through the negatively charged lipopolysaccharide into Gram-negative bacterial cells [10] [11] [12] .
Phenothiazine derivatives (methylene and toluidine blue) are naturally cationic compounds that are able to photoinactivate a broad spectrum of bacteria. Toluidine blue exhibits a greater bactericidal activity than methylene blue against Gram-negative bacteria. Phthalocyanines and porphyrins (so-called 2 nd generation photosensitizers) can be transformed into cationic entities through the insertion of positively charged substituents in the peripheral positions of the tetrapyrrole and, respectively, tetraazaisoindole macrocycle. Therefore, at present, members of these families of compounds may represent the photosensitizers of choice for clinical PDT of microbial infections. Phthalocyanines seem to be a promising group in that respect [13] . Phthalocyanines are effective photosensitive substances. Following their irradiation larger quantities of singlet oxygen is generated (they are able to remain in the excited state for a longer period), compared to methylene or toluidine blue. Moreover, they are more resistant to chemical or photochemical degradation.
Phthalocyanines are tetrapyrrole macrocycles with 16 peripheral positions that can be suitably substituted.
The aim of this paper is to compare the antibacterial effect of 15 selected phthalocyanine derivatives, with different chemical structures, during photodynamic inactivation of Gram-positive (Staphylococcus aureus), Gram-negative (Escherichia coli) and yeast (Candida albicans) cells. The phthalocyanines used had different characteristics in the central atom (Zn, AlOH) and substitution groups (positive, negative, amphiphilic groups and their combinations).
Experimental Procedures

Organisms and growth conditions
The following strains were investigated: Staphylococcus aureus 5887, Escherichia coli 5276 and Candida albicans 6258. Strains were acquired from the Czech National Collection of Type Cultures -CNCTC, National Institute of Public Health, Prague, Czech Republic. Bacterial strains and yeast were maintained by subculturing on Columbia blood agar (BioMérieux) and Sabouraud agar (BioMérieux), respectively.
Photosensitizers
Phthalocyanine photosensitizers (Pc) used in this study are presented in Table 1 and their structure in Table 2 . All of the phthalocyanines used were provided by the laboratories of the Research Institute for Organic Syntheses, Rybitví, Czech Republic. The purity of the samples was checked by thin layer and HPLC (high performance liquid chromatography). The samples consist of a mixture of regioisomers located at different positions in the macrocycle with chemical purity in excess of 99 percent. For example, the sodium salt of disulphonated aluminum phthalocyanine (Pc4) consists of 8 regioisomers, sulpho groups are in positions 4 and 3 in the ratio 1:3.2. The OH group is presented in all Al Pc. During their synthesis alkaline conditions were used which hydrolyzed any possible chloride atoms. The quantum yield of singlet oxygen production was measured by the iodide method in water solutions as well as in solutions of dimethylformamide (DMF) [14] . The values of quantum yields are affected by the presence of dimers to some extent, more noticeably in water solutions.
Photoinactivation study
Before each assay, the bacterial strains were grown aerobically for 18-24 hours at 36°C in BHI broth (BrainHeart Bouillon, BioMérieux). An aliquot of these cultures (100 µl) was aseptically transferred to fresh BHI broth and grown at 36°C to reach the middle of the logarithmic phase (optical density [OD], ≈0.6) corresponding to 10 8 CFU (colony forming units)/ml. Candida albicans was grown in Saubouraud broth (BioMérieux) under the same conditions to reach 10 7 CFU/ml. The turbidimetric method was used for the measurement of optical density. The number of bacterial cells was determined by CFU counting after serial dilutions. After incubation, the cells in the logarithmic phase of growth were harvested by centrifugation of broth cultures at 5000xg for 10 min and the supernatant was removed. Then the cells were resuspended in 3 ml of sterile PBS (Phosphate-buffered saline, pH 7.2). The cell suspensions of investigated microorganisms in PBS (1 ml) were incubated with Pc in the following concentrations (1 mg/l, 2 mg/l, 4 mg/l, 8 mg/l) for 30 minutes in the dark. After incubation, the cultures were centrifuged and resuspended in PBS. 100 µl of the cell suspension was placed in a 96-well microtiter plate and irradiated with low-power laser light (20 J/cm 2 , 40 J/cm 2 ). Control experiments were carried out with illumination of the cells without Pc and in the dark with Pc.
Light for photoinactivation was generated with a laser diode (Maestro/CCM) emitting light with a wavelength of 670 nm.
Survival fraction (SF) determination
100 ml aliquots of irradiated and control samples were removed and subjected to 5-6 serial tenfold dilution in PBS, then 100 ml of each dilution in duplicate was streaked on appropriate agar plates (Mueller Hinton 2 agar, Sabouraud agar, BioMerieux). After 24 hours of incubation at 37°C in the dark, the number of colonies was counted and recorded for analysis. The assays for each phthalocyanine with each bacterial and fungal strain were done in triplicate and averaged. The efficacy of photoinactivation was evaluated based on the decrease in number (log 10 ) of viable bacteria in the tested and control samples. The results are presented as survival curves plotted as logarithmic reduction in log CFU/ml versus light dose in J/cm 2 . Significant photokilling effect was defined as ≥3 log 10 reduction in CFU/ml.
Results
The in vitro antimicrobial effect of photoinactivation of 15 phthalocyanine derivatives was evaluated and analyzed with respect to chemical structure, charge of compound and microbe tested (S. aureus, E. coli and C. albicans). Significant antimicrobial effects (reduction of the inoculum by at least three logs) was demonstrated in nine (60%) of fifteen Pc. Eight of the Pc were effective against S. aureus, four against E. coli and only two against C. albicans. The antibacterial effect of all these phthalocyanine derivatives was directly proportional to the light dose used to irradiate the bacterial culture. Irradiation of the bacteria in the absence of Pc had no influence on viability of these microorganisms, but in three Pc derivatives there was some antibacterial effect even without subsequent irradiation. That was the case for Pc3, Pc7 and Pc9, which at a concentration of 8 mg/l Table 3 . Antimicrobial effect of photodynamic inactivation of phthalocyanine derivatives (Pc) on S. aureus, E. coli and C. albicans.
*SF-survival fraction *SD-standard deviation
reduced the S. aureus inoculum by 98% (Pc3), 81% (Pc7) and 62% (Pc9) and at the same concentration reduced the E. coli culture by 79% (Pc7). Table 3 summarizes the results of the experiments using the highest concentration of tested PS (8 mg/l) and light dose 20 J/cm 2 and 40 J/cm 2 . The most effective PS during photoinactivation of S. aureus proved to be Pc1, Pc2 and Pc3. These derivatives were able to eliminate the S. aureus culture while using the highest concentration and light dose. Other effective substances were Pc4 and Pc5, which were able to decrease the number of S. aureus bacteria by five logs under the same conditions.
During experiments with E. coli, the effective photosensitizers proved to be Pc7 (decrease by 7 logs in the highest concentration and maximum light dose) and Pc9 (decrease by 6 logs under the same conditions). Promising results were also found in the experiments with sulphamidic phthalocyanines (Pc3, Pc5), which were effective against S. aureus and E. coli. Candida albicans was killed only after exposure to Pc7, Pc3, and partially to Pc6.
Overall, the most efficient phthalocyanines were Pc3 (Figure 1a ,b.c) and Pc7 (Figure 2a,b,c) , cationic and sulphamidic derivatives respectively, they caused a significant decrease of viable counts of all tested microbes.
Discussion
This paper examines a group of phthalocyanine derivatives, which are known to be promising photosensitizers, with the ability to produce large amounts of singlet oxygen and other reactive oxygen species. Photoinactivation ability of some phthalocyanine derivatives was investigated in works by other authors -disulphonated zinc phthalocyanine [15] , disulphonated aluminium phthalocyanine [16] [17] [18] and (N-methylpyridyloxy)zinc phthalocyanine [12, 15, 19] . In our study, we compare their effect in comparison with other phthalocyanine compounds.
Our results confirmed that the molecular structure [20] and electric charge [10, 21] have crucial influence A B C on the effectiveness of the photosensitive substances tested. A considerable difference in the sensitivity of Gram-positive and Gram-negative bacteria and yeast was noted [22] .
Gram-positive Staphylococcus aureus was the most sensitive to photodynamic inactivation -eight out of the fifteen studied substances could be considered effective against it. The antibacterial effect was achieved during photodynamic inactivation mediated by substances, which were anionic, cationic as well as amphiphilic. The most effective PS -the ammonium salt of disulphonated zinc phthalocyanine (Pc1) and sulphonated tetramethylammoniumhydroxyaluminum phthalocyanine (Pc2) -were able to eliminate the bacterial culture of S. aureus. Pc2 was originally anionic molecule with bound positively charged chain. Disulphonated zinc phthalocyanine has already been described in the literature and our findings corresponded to those of other authors. Likewise, the other phthalocyanines from our group with negative charge (Pc4, Pc5, Pc8, and Pc15) showed an antibacterial effect to some extent during photoinactivation of S. aureus in accordance with the results of experiments described previously [15, 16, 18] .
Gram-negative E. coli was more resistant to photoinactivation. Out of the 15 Pc tested, only four derivatives were effective. Two of these were cationic, while the other effective Pc were amphiphilic. Four cationic phthalocyanine derivatives (Pc6, Pc7, Pc9, and Pc11) were evaluated in our experiments. Pc9 -tetrakis(N-methylpyridinium-3-oxy)zinc phthalocyanine tetraiodide -has already been tested by other authors and their findings were consistent with our results, i.e. effectiveness against Gram-negative microbes [19, 24] . According to Minnock [24] , this effect is caused by the presence of the positively charged group N-methylpyridinium, which enables the binding of phthalocyanine to lipopolysacharide of Gram-negative bacteria. In the work by Mantareva [19] , experiments were carried out with the same substance on strains of S. aureus, methicilin resistant S. aureus, Pseudomonas aeruginosa and C. albicans. Under comparable conditions tetrakis (N-methylpyridinium-3-oxy)zinc phthalocyanine had the ability to completely inactivate cultures of S. aureus and C. albicans (1.5 μM, 12 J/cm 2 ) and with P. aeruginosa there was also significant reduction in inoculum (by 4 logs), but only after using higher concentrations of PS and larger doses of light (6 μM, 60 J/cm 2 ). Our results with this compound (at a concentration of 8 mg/l and 40 J/cm 2 ) showed only a partial effect on S. aureus (SF 0.0015, i.e., less than 3 logs) and C. albicans (SF 0.33) cultures, and according to the set criterion, we did not consider it as effective. Similar findings were also noted by Ragás et al. [11] and Demidova et al. [21] , where another cationic substance -poly-L-lysine chlorin e6 (conjugate of poly-L-lysine with chlorin e6) was more effective during photodynamic inactivation of E. coli (0.75 μM, 0.2 J/cm 2 ) than during photodynamic inactivation of S. aureus. To achieve similar results during experiments with S. aureus, it was necessary to increase the irradiation dose up to 20 J/cm 2 . Both cases could be explained by the higher molecular weight of the conjugate, which enables binding to lipopolysacharide of gram-negative E. coli, but it does not allow penetration through the peptidoglycan layer of S. aureus.
Tetramethylenepyridinium chloride of hydroxyaluminum phthalocyanine (Pc7) is also a cationic derivative. Its positive charge is due to the presence of a pyridinium group, which is similar to the N-methylpyridinium group that gives the positive charge to Pc9. This substance is more effective in experiments during photoinactivation of E. coli than during photoinactivation of S. aureus (like Pc9), but it achieved better results under the same conditions (one possible explanation for this is the higher production of singlet oxygen -see Table 1 ) and it also had a strong antifungal effect.
Another cationic substance in our group, Pc6, [tetrakis(trimethylammonium)zinc phthalocyanine tetraiodide] was evaluated as effective during photoinactivation of S. aureus. At the highest concentration tested (8 mg/l) and after irradiation by a light dose of 40 J/cm 2 there was a three-log reduction in bacterial numbers. During experiments with E. coli under the same conditions, this substance reduced the number of bacteria only by 97.5% (not even two logs). A similar effect was observed with C. albicans. The positive charge on Pc6 results from the presence of a trimethylammonium group, which apparently is not able to provide similar binding to the wall of Gramnegative bacteria as is provided by the pyridinium group.
We have evaluated two sulphamidic derivatives (Pc3 and Pc5) as effective against E. coli. These are primarily negatively charged substances with bound side chain (Pc3 -neutral, Pc5 -positively charged chain). During photoinactivation mediated by these derivatives, a similar principle is used as during photoinactivation of Gram-negative bacteria with disulphonated aluminium phthalocyanine. Disulphonated aluminum phthalocyanine was studied by Lacey et al. [23] in detail during experiments with E. coli and it was shown that this anionic Pc can, to a certain extent, also influence Gram-negative bacteria. At higher concentrations of PS (35 mg/l) bacterial cells were reduced by 51% and during fractionated irradiation they were reduced by up to 86%. These results can be explained by the fact that disulphonated aluminum phthalocyanine has an amphiphilic molecule, which is able to partially bind to the outer membrane of Gram-negative bacteria and is able to cause initial damage of the cell membrane. During longer, fractionated administration, it is able to penetrate through the damaged wall into the cells. According to our results, disulphonated aluminium phthalocyanine (Pc4) was less effective against E. coli. The effect of both sulphamidic derivates was more significant and both derivates could be evaluated as effective. Positive charge enabling the bond to Gramnegative bacteria is mediated by the sulphamidic group, which is present in the side chain of Pc3 as well as Pc5. Pc5 has higher production of singlet oxygen yet is less effective than Pc3. Higher effectiveness of Pc3 is most probably explained by its positive charge and smaller molecule size, which mediates higher affinity to the Gram-negative bacteria wall and enables better penetration inside the cell.
The difference between bacteria and yeasts are essential. Yeast, as fungi, are eukaryotic organisms not only much bigger, but also equipped with a nuclear membrane and cell wall with different structure than that of bacteria. As yeasts are more resistant to photoinactivation, it is necessary to use higher concentrations of PS as well as higher doses of light [20] . In our group of Pc we found only two effective PSs with significant antifungal activity under the test conditions (8 µg/ml, 40 J/cm 2 ). These were cationic (Pc7) and amphiphilic (Pc3) substances. Both these substances are also the biggest producers of singlet oxygen.
Conclusions
In this paper we compare the antimicrobial effect of fifteen phthalocyanines against selected pathogens. Eight of the Pc are effective against S. aureus, but only four were effective against E. coli and two against C. albicans.
The results obtained in this study show that only two substances, cationic derivative (tetramethylenepyridinium chloride of hydroxyaluminum phthalocyanine) and amphiphilic sulphonated zinc phthalocyanine [(3-diethylammonium)-propylsulphonamide] citrate, are able to effectively reduce viability of the tested Gram-positive and Gram-negative bacteria and yeasts, and could be considered as a possible alternative to using antibiotics if local treatment is required. Despite the demonstrated antimicrobial activity of these phthalocyanines in vitro, their value as photosensitizers in antimicrobial photodynamic therapy must be further confirmed by in vivo experiments.
